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(1) 通过 SA-CASSCF 计算，优化了噻吩并吡嗪分子四个低能电子态的几何
构型。采用 CASPT2 方法，研究了它们的垂直激发能和发射能。计算结果表明，
光学暗态 1(nπ*)具有 Cs 对称的平面结构，紧随其后的是两个光学亮态，
1(ππ*)，
其结构具有 C2v 对称性。在 RCCSD(T)优化的基态稳定构型下，CASPT2 预测的
三个低能电子态在气相中的垂直激发能分别是 3.41、3.92 和 4.13 eV；基于当前
的结果，我们对噻吩并吡嗪分子的实验吸收光谱重新进行了指认：1(nπ*)态对应
于 3.54 eV 处的相对弱的宽吸收峰，两个能量近似简并的 1(ππ*)态分别对应于


















程和通过 S1/S0 圆锥交叉点弛豫到 S0 态的缓慢内转换过程。这种内转换过程是可
行的，因为 CASPT2 预测的能垒大约 0.55 eV，远低于 Franck-Condon 区域的垂








ππ*)的寿命和相关的失活机理。运用 MR-CIS 和 SA-CASSCF 方法，我们还
对二者 S0态的稳定构型和 S1/S0圆锥交叉点结构进行了几何优化。这些计算表明，
每种异构体都有四个不同类型的圆锥交叉点，显示出手性的特征；每个圆锥交叉
点都主导着一条无能垒的失活通道。另外，这两种异构体在气相中都具有 S1 → S0
的超快失活行为；keto-N9H 的 S1 态的寿命是 85.5 fs，而 keto-N7H 的 S1 态有一
个更长的 137.7 fs 的寿命，二者都与水溶液中 130 20 fs 的实验值很吻合。 
 
(3)采用从头算的面跳跃动力学模拟，研究了次黄嘌呤两种生物相关的
keto-N7H 和 keto-N9H 互变异构体在水溶液中的激发态非绝热失活。QM/MM 计
算和基于 QM/MM MD 模拟揭示了两种异构体在水溶液中具有不同的氢键网络，
显著影响了二者的光动力学性质。激发态 QM/MM MD 模拟轨线分析显示，氢键
网络的差异和不同的溶剂相互作用，显著影响 keto-N7H 和 keto-N9H 异构体在水
环境中圆锥交叉点的形成，改变了二者的激发态寿命。与气相结果相比，keto-N7H
的 S1 → S0 非绝热失活在水溶液中更快一些，而 keto-N9H 的这种失活在水溶液中























头算的 SA-CASSCF 水平下处理，MM 区域(水)用 TIP3P 模型描述。我们在气相
中获得了四条平行的失活通道，但是，我们在水溶液中只找到其中的两条通道。
另外，在气相中，keto-N9H 存在 S1 → S0 的超快内转换，预测的激发态寿命是
104.7 fs，比在水溶液中的 242.8 fs 快了很多；计算结果与在水溶液中的可用实验

















































Over the past decades, the photoinduced effects in molecules have been receiving 
increasing attention in many scientific and technological fields. In biological sciences, 
they are related to photoaging, photodamage, photosynthesis and light harvesting and 
so on. In addition, the photophysical and photochemical features of molecules play a 
crucial role in solar energy conversion, photocatalysis, photoimaging, photodevices 
and time-resolved spectroscopies. Because of these wide applications, the 
photoinduced phenomena in molecules are of considerable interest for 
experimentalists and theoreticians. With the rapid development of femtosecond 
time-resolved spectroscopic techniques, the computational studies on the excited 
states are no longer limited to the simple assignment of observed spectra. The 
construction of theoretical models and excited-state dynamics simulations not only 
help us to interpret time-dependent spectra, but also open an alternative avenue 
toward understanding the ultrafast nonradiative decays of molecules. In recent years, 
the photoinduced excited-state dynamics of DNA nucleobases has attracted 
considerable attention, and the longstanding efforts focus on two aspects as follows: (i) 
how the UV radiation can damage the genetic code? And (ii) what are the intrinsic 
protection mechanisms for DNA to avoid it? Extensive experimental studies have 
indicated that all nucleobases can efficiently get rid of the photoenergy at the 
picosecond time scale. Theoretically, the static electronic structure calculations on 
their conical intersections have identified the main internal conversion pathways, and 
dynamics simulations have further provided information about the relative efficiency 
of such decay channels. In the present work, we performed a series of QM and 
QM/MM simulations on excited-state dynamics of several nucleic acid base related 
systems in the gas phase and in aqueous solution. At the ab initio level of theory, their 
excited-state lifetimes and possible decay pathways were explored in detail. Based on 
the combined QM/MM simulations with surface hopping, the influence of solvent on 

















The main results of this thesis are summarized as follows: 
 
(1) The SA-CASSCF calculations were used to locate the four low-lying 
electronic states of thieno[3,4-b]pyrazine, and their vertical excitation energies and 
emission energies were determined by means of the CASPT2 calculations. The 
present results indicate that the first weak 
1
(nπ*) excited state has a Cs-symmetry 
structure, unlike two bright 
1
(ππ*) excited states in C2v symmetry. Under the 
RCCSD(T)-optimized ground-state equilibrium geometry, CASPT2-predicted vertical 
excitation energies of the three low-lying excited states in the gas phase are 3.41, 3.92, 
and 4.13 eV, respectively. On the basis of calculations, a new assignment to the 
observed spectra of thieno[3,4-b]pyrazine was proposed, in which the 
1
(nπ*) state 
should be responsible for the weak absorption centred at 3.54 eV and the two 
closely-spaced 
1
(ππ*) states account for the two adjacent absorption bands observed at 
3.99 and 4.15 eV. The predicted vertical emission energies lend further support to our 
assignments. Surface hopping dynamics simulations performed at the SA-CASSCF 
level suggest that the plausible deactivation mechanism comprises an ultrafast 
relaxation of the 
1
(ππ*) excited states to 
1
(nπ*) excited state, followed by a slow 
conversion to the ground state via an S1/S0 conical intersection. This internal 
conversion is accessible, since the CASPT2-predicted energy barrier is ~0.55 eV, 
much lower than the Franck-Condon point populated initially under excitation. The 
dynamical simulations on the low-lying states for 500 fs reveal that the relatively high 
1
(ππ*) excited states can be easily trapped in the 
1
(nπ*) excited state, which will 
increase the lifetime of the excited thieno[3,4-b]pyrazine. 
 
(2) Nonadiabatic dynamics simulations at the SA-CASSCF level were performed 
in the gas phase for the two most stable keto-N7H and keto-N9H tautomers of 
hypoxanthine in order to obtain deep insight into the lifetime of the optically bright 
S1(
1
ππ*) excited state and the relevant decay mechanisms. Supporting calculations on 
















tautomers were carried out at the MR-CIS and CASSCF levels. These studies indicate 
that there are four slightly different kinds of conical intersections in each tautomer, 
exhibiting a chiral character, each of which dominates a barrierless reaction pathway. 
Moreover, both tautomers reveal the ultrafast S1 → S0 decay in the gas phase, in 
which the S1 state of keto-N9H has a lifetime of 85.5 fs, whereas that of keto-N7H has 
a longer lifetime of 137.7 fs. An excellent agreement is found between the present 
results and the experimental value of 130  20 fs in aqueous solution. 
 
(3) Extensive ab initio surface-hopping dynamics simulations were used to 
explore the excited-state nonadiabatic decay of two biologically relevant 
hypoxanthine tautomers keto-N7H and keto-N9H in aqueous solution. QM/MM 
calculations and QM/MM-based MD simulations predict different hydrogen bonding 
networks around these nucleobase analogues, which influence their photodynamical 
properties remarkably. Furthermore, different solvent effects on the conical 
intersection formation of keto-N7H and keto-N9H were found in excite-state MD 
simulations, which also change the lifetimes of the excited states. In comparison with 
the gas-phase situation, the S1 → S0 nonradiative decay of keto-N7H is slightly faster, 
while this decay process of keto-N9H becomes much slower in water. The presence of 
-electron hydrogen bond in the solvated keto-N7H is considered to facilitate the S1 
→ S0 nonradiative decay process. 
 
(4) The excited-state decay of the biologically relevant allopurinol keto-N9H 
tautomer populated at the optically bright S1(
1
ππ*) state in the gas phase and in 
aqueous solution has been explored theoretically. In solution, the hybrid quantum 
mechanical/molecular mechanical (QM/MM) simulations were performed, where the 
QM region (keto-N9H) was treated at the ab initio SA-CASSCF level, while the MM 
region (water) was described by the TIP3P model. Here we find that there exist four 
parallel relaxation pathways in the gas phase, but only two of them occur in aqueous 
solution. In addition, an ultrafast S1 → S0 internal conversion is found in vacuum, 
















(242.8 fs), showing reasonable agreement with the available experimental finding in 
aqueous solution (τ < 200 fs). Calculations indicate that the presence of water solvent 
plays an important role in the excited-state dynamics of the DNA base analogue, 
showing the pronounced environmental effects on its decay pathways and 
excited-state lifetimes. 
 
Keywords: Thieno[3,4-b]pyrazine; Hypoxanthine; Allopurinol; Nucleobase analogue; 
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